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ABSTRACT 
One approach to improve the selectivity of pulping is 
to use wood that is rich in strong fibers and is easily 
delignified. To this end, considerable interest has 
developed in a mutant loblolly pine tree that is defi- 
cient in cinnamyl alcohol dehydrogenase (CAD). The 
absence of the CAD enzyme leads to a different pool 
of precursors for lignin production. Structural stud- 
ies, including characterization by pyrolysis GC-MS 
and UV presented here, indicate increased levels of 
coniferaldehyde, dihydroconiferyl alcohol, and va- 
nillin units, and lower levels of coniferyl alcohol in 
the CAD-deficient lignin as compared to normal pine 
lignin. Wood from a 12-year-old CAD-deficient lob- 
1011~ pine has been pulped under soda, kraft, and 
soda/AQ conditions. In comparison to a normal 12- 
year-old loblolly pine, the CAD-deficient wood was 
much more easily delignified. The high reactivity of 
CAD-deficient wood may be related to the presence 
of less cross-linked, lower molecular weight lignin. 
The molecular weight of an isolated milled wood 
lignin from CAD- was -50% less than that from a 
normal pine tree. The molecular weights of lignins 
isolated from soda pulping liquors for CAD-deficient 
and normal pine cooks were quite similar. 
INTRODUCTION 
Genetic manipulation of lignin biosynthesis in trees 
is a target in several research groups aiming to facili- 
tate lignin removal during the pulping and bleaching. 
Trees containing easily extracted lignin will pulp more 
rapidly or under milder conditions, leading to increas- 
ed productivity, lower energy, lower bleaching costs 
and by-products, as well as increased yield due to 
reduced carbohydrate degradation. Manipulation of 
lignin has been achieved in poplar by genetic trans- 
formation (introduction of foreign genes);’ potential 
benefits for pulping have been shown in small-scale 
cooks. However, genetic transformation of commer- 
cial softwoods is not yet possible on a routine basis. 
To better understand the structure of genetically modi- 
fied lignins, we must first consider the production of 
normal lignin monomers. The biosynthesis of lignin 
involves converting phenylalanine to three 
cinnamic acid intermediates l-3 (Figure 1). ?I?;;~ - 
wood lignins are principally derived from ferulic acid 
(2), while hardwood lignins are derived from both 2 
and 3.4,5 The primary precursors are selectively re- 
duced to aldehydes (4) and then further to alcohols, 
coniferyl alcohol (S), in the case of softwoods (Figure 
1). The latter step requires the cinnamyl alcohol dehy- 
drogenase (CAD) enzyme?’ 
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Figure 1. Biosynthesis pathway for producti 
normal lignin monomer building blocks. 
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Lignification begins with the oxidation of coniferyl 
alcohol to a radical; several resonance forms of the 
radical exist. The radicals couple with one another to 
build up a polymer network. The preferred coupling 
involves union of an O,-radical with a CD-radical; 
approximately 50% of the interunit linkages in soft- 
wood lignin are of this type (Figure 2).” Several other 
linkages are also present in varying amounts, includ- 
ing C& (Figure 2), C-C,, C,-C,, C,-04, etc.* 
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Figure 2. Polymerization of 
building blocks. 
normal lignin monomer 
Loblolly pines with unusual lignin can be produc- 
ed without using genetic transformation.g* ’ CAD- 
deficient pines have been obtained through crosses of 
trees that have a mutant gene, the cad& allele, 
found in breeding stocks of loblolly pine. CAD-deli- 
cient trees have lignin properties of potential com- 
mercial value. The cad-n1 allele can be used in well- 
defmed crosses to produce: (a) trees almost corn- 
pletely deficient in CAD activity, and (b) trees par- 
tially deJicient in CAD activity (-50% of normal). 
Lignins from completely CAD-deficient trees are 
built up from unusual monomers. Analysis of milled 
wood lignins by NMR techniques indicate that conif- 
eraldehyde (4), vanillin (6), and dihydroconiferyl 
alcohol (7) are the principal monomers (Figure 3).” 
The changes to the monomer pool are more dramatic 
than in genetically engineered plants or trees with 
decreased CAD activity, described so far?‘” Rela- 
tive to normal pinewood, lignin in these CAD-de& 
cient trees contains much less C -0, linkages and 
high amounts of &-linkages. l4 Suc!h linkage distribu- 
tion is consistent with lignin biosynthesis theory and 
the type of monomers available in the CAD- case. 
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Fiiure 3. The unusual mo;omer building blocks for 
lignin production in CAD-deficient trees. 
Linkages involving C, are not possible with CAD- 
deficient lignin precursors 6 and 7, and probably low 
in frequency with precursor 4. One can speculate that 
C-linkages will also be much less since the aldehyde 
group at C, in the precursor 6 and the saturated side- 
chain at C, in precursor 7 will not be easily lost fol- 
lowing radical coupling to these sites. 
Coniferyl alcohol (5), the building block of normal 
lignin, has four available radical reaction sites (0,, 
Cs, C,, and C,). Except for coniferaldehyde (4), the 
unusual CAD-deficient precursors only have two 
reactive radical sites (0, and C,). Because of the low 
number of reactive sites and the lack of active C - 
sites in the precursors, the lignin in totally CAD-de& 
cient pines will likely be less cross-linked, be inhib- 
ited in polymer growth, have a lower molecular 
weight and, thus, be more easily dissolved in alkali. 
Our studies are directed at establishing this point. 
RESULTS AND DISCUSSION 
Pulping of CAD-Deficient Wood 
Our previous studies have shown that large amounts 
of lignin are removed from totally CAD-deficient 
wood simply by mild alkaline treatment at room 
temperature. We have recently conducted an exten- 
sive study of the soda, soda/AQ, and standard kraft 
pulping of normal and totally CAD-deficient wood. 
Wood samples were taken from 12.year-old trees, 
grown on the same site. 
One of the first challenges that we had to address was 
conducting a large number of cooks with just 400 
grams of dry CAD-deficient chips. The initial months 
of our study concerned showing that small scale (0.5 
g) cooks and mini-kappa number determinations 
gave results similar to 1 kg cooks and regular kappas. 
The pulping 0 studies were performed using 4-mL 
pressure vessels in a fluidized sand bath with auto- 
mated temperature control. 
Our research has shown that CAD- pines are easily 
pulped under soda and krafi conditions. Data for the 
soda pulping 0 of CAD- and normal wood with 18% 
NaOH at several different H-factors (cook severities) 
is shown in Figure 4. The amount of delignification 
depended much more on the H-factor and than the 
NaOH level of the cook. The relatively low response 
of the normal wood to changes in the H-factor is 
probably related to the use of a 7:l liquor-to-wood 
ratio while maintaining the absolute amounts of 
NaOH and NaSH the same as a 4: 1 cook. Performing 
cooks this way meant that NaOH and NaSH concen- 
trations were less than normally employed in a more 
typical 4: 1 cook. The 7:l liquor-to-wood ratio was 
needed because the swelled chips in the small bombs 
were basically void of bulk liquor if a standard 49 
liquor-to-wood ratio was used. 
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Figure 4. Relationship between kappa number and H 
factor (energy input) for pulps obtained from 18% 
NaOH cooks of CAD-deficient and normal loblolly 
pine chips, using a 7: 1 liquor-to-wood ratio; absolute 
amounts of NaOH and NaSH were the same as a 4: 1 
cook. 
Similar fmdings (as shown in Figure 4) were ob- 
served with kraft pulping when the chemical concen- 
trations of NaOH and NaSH were moderate. How- 
ever, if the concentration of NaOH and NaSH were 
high, we observed little difference in the degree of 
delignification of CAD- and normal wood (Figure 5). 
Delignification occurs in three stages: initial, bulk, 
and residual. We interpret our results to mean that, in 
the CAD-deficient case, the initial and bulk phase 
reaction rates are quite fast, but the residual phase 
rate is slow, similar to normal wood. For harsh 
cooks, each wood delignifies down to roughly the 
same level of residual lignin. 
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Figure 5. Relationship between kappa number and 
cook chemical composition for duplicate CAD-defi- 
cient (dark-colored bars) and normal (light-colored 
bars) loblolly pine pulping, using a 7:l liquor to 
wood ratio and a 2000 H-factor in each case. 
The comparison of kappa numbers from CAD- and 
control pine could be a problem if the CAD- and 
control lignins had different reactivities towards 
KMnO,. Since CAD- lignin presumably contains 
high amounts of aldehyde, we might expect less con- 
sumption of KMnO,. This concern was dispelled 
when Jiebing Li graciously performed KMnO, con- 
sumption tests6 of CAD- and control isolated milled 
wood lignins and showed no significant differences. 
Isolating the lignins from the pulping liquors pro- 
vided another piece of supporting evidence for 
greater lignin loss in the CAD- case. The CAD- liq- 
uors contained higher amounts of dissolved lignins. 
At the same H-factor, there was -50% more dissolv- 
ed lignin in the CAD- case. Lignins isolated from 
CAD- and control pine cooking liquors displayed 
nearly the same molecular weights, regardless of the 
length of the cooks. It should be noted, however, that 
the isolated acetylated lignins displayed variable 
solubility in organic solvents, rendering doubts on 
the molecular weight determinations. 
There is a much lower pulp yield in the CAD- case, 
which we attribute to its juvenile state. A completely 
CAD- tree does not grow as well as a normal tree. A 
twelve-year-old tree looks more like a seven-year-old 
tree. Our interest in completely CAD-deficient trees 
is more academic than practical. Understanding the 
reactivity of CAD- lignin could lay the groundwork 
for defining what type of lignin would be good to 
engineer into new trees. 
Lignin Characterization 
Several studies have characterized CAD- lignin. 
Thioacidolysis’4 and NMR12 studies indicate that the 
CAD- lignin has much fewer p-aryl ether linkages 
and more 5-5 linkages than normal pine. Both tech- 
niques also indicate increased levels of coniferalde- 
hyde and dihydroconiferyl alcohol lignin subunits. 
Comparative pyrolysis gas chromatography mass 
spectrometry (pyGCIMS) studies of CAD- and nor- 
mal pinewood support these conclusions. The normal 
wood has a dominant signal at m/e 180 in its electron 
impact (EI) pyGC/MS that corresponds to coniferyl 
alcohol. The CAD- wood shows m/e 178, 180, and 
182 signals of comparable intensities. The former 
signal corresponds to coniferaldehyde and the latter 
to dihydroconiferyl alcohol. Further confmation of 
these assignments comes from ammonia chemical 
ionization techniques. 
Two UV studies have been performed that indicate a 
major change in the type and/or abundance of phen- 
olic components in the CAD- wood. We have record- 
ed solution UV spectra of normal and CAD- milled 
wood lignins (MWL) from two 12-year-old trees. 
The UV spectra of the two MWLs were very distinct 
from one another (Figure 6). They both had an ab- 
sorption maximum at 280, typical for pine MWL; 
however, the cad-n1 MWL had a broad shoulder ex- 
tending to 350 nm. Sodium borohydride reduction, 
which selectively reduces carbonyl groups, elimi- 
nated this shoulder, indicating that it was likely due 
to conjugated car-bony1 groups. This interpretation of 
the UV spectra and the effect of borohydride reduc- 
tion are consistent with the increased proportion of 
coniferaldehyde and vanillin subunits detected in the 
CAD-deficient wood by FTIR’ and NMR spectros- 
copy of MWLs.” 
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Figure 6. UV spectra of MWL from wild type and 
CAD-deficient pine trees in 90% dioxane:water. 
In addition, we have used UV microspectrophoto- 
metry to characterize the lignin in sections of wood.” 
This technique directly measures the UV absorbance 
spectrum of cell bound phenolics and avoids the is- 
sue of structural alterations due to lignin isolation. 
The control normal pine displayed an expected’* ab- 
sorbance maximum at 280 nm and a relatively low 
absorbance at wavelengths above 300 nm. In con- 
trast, the CAD- wood had a maximum at 280 nm, but 
a large increase in absorbance between 300-350 nm. 
The altered spectra of the CAD- woods were consis- 
tent with the CAD- MWL spectrum. 
Finally, milled wood lignin obtained from CAD- 
wood is -50% lower in molecular wei.ght than that 
obtained from normal pine; this 50% difference was 
also confirmed by an outside laboratory (Figure 7). 
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Figure 7. Comparison of the molecular distributions 
of CAD-deficient and normal milled wood lignins 
with polystyrene standards. 
CONCLUSIONS 8. Sjostrom, E. Wood Chemistry Fundamentals and 
Applications, 2nd Edition, Academic Press, San , 
With a higher amount of 5-5 lignin linkages, CAD- 
wood should be more difficult to delignify than nor- 
mal wood. But just the opposite is found. Totally 
CAD-deficient loblolly wood is much more easily 
delignified than normal pine. The lignin in the CAD- 
pine is lower in molecular weight. This fact may be a 
principal reason for the easy lignin removal; it takes 
fewer cleavages to get a water-soluble piece. Another 
factor could be that the lignin is less cross-linked. 
The nature of the monomers making up the lignin 
suggests there should be low amounts of cross-link- 
ing, but higher amounts of C,-linkages. Since link- 
ages to C, are difficult to break, the last stages of 
hgnin removal (bleaching) may be difficult. 
We are presently attempting to compare the bleach- 
ability of pulps of similar kappa numbers derived 
from CAD-deficient and normal wood. Another di- 
rection of our research is to explore the pulping and 
bleaching of partially CAD-deficient loblolly pines 
and the corresponding lignin structure. Partially defi- 
cient trees show an increase of 14% in debarked vol- 
ume after 4 
normal tree.‘” 
years of growth in comparison to the 
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